Thermopiles are important components in infrared thermal detectors, thermoelectric generators and thermoelectric coolers. We present a thermopile structure with up to 224 vertically arranged thermocouple legs in a polyimide flex material. The thermopile is optimized for infrared thermal radiation detection and is fabricated using printed circuit board-like (PCB-like) processing. Each thermoelectric leg consists of a bundle of a few hundred sub-micrometre-sized strands of either antimony or nickel. These metal wire bundles were achieved by employing ion track technology on the polyimide foil, resulting in a porous dielectric material. Electrochemical methods were used to grow the thermoelectric materials in the pores. The plating mask was produced in a laminated dry photoresist. A small metal cross section, 20 µm 2 (1 vol%), ensured a low heat exchange between the two surfaces of the flex. The typical resistance per thermocouple was 34 . A responsivity to irradiance of 4.3 V mm 2 W −1 was measured when heating with a white light source (irradiance 1 mW mm
Introduction
Thermopiles are multifunctional components that can be designed, specifically, for use in different applications. They can operate independently as thermoelectric coolers [1] , thermoelectric generators [2] and thermal radiation detectors [3, 4] .
The potential applications for micro-machined thermopile structures span over a wide range of devices: from heat flux sensors [5, 6] , cooling chips for electronics, to energy scavenging (also referred to as energy harvesting) technology [7, 8] .
Thermopiles for infrared radiation detectors have found their technological use in many areas, e.g. contactless thermometers for lab or medicine [9] , motion sensors [10, 11] as well as in infrared gas sensor technology [12] . Thermal vision systems of low cost and preferably no cooling requirements represent a new potentially interesting area [13, 14] .
The call for miniature thermopile structures associated with low-cost, undemanding fabrication techniques, uncomplicated packaging and assembly, as well as increased performance is clear. Commercial thermopile detectors are usually assembled on silicon substrates using semiconductor materials and are associated with high cost. Thermopiles produced directly in a low-cost material, such as flexible printed circuit boards (flexible-PCBs), satisfy most of the above requirements. In addition, the PCB substrate allows for direct integration of the thermopile with peripheral ICs such as surface-mounted amplifiers. Thermopiles in plastic substrates have previously been demonstrated by [15] [16] [17] .
We have recently reported on the first results demonstrating the principle of a vertical configured thermopile in flexible polyimide, look into [18] and references therein. In this paper, we present a thermopile structure that is optimized for thermal radiation detector applications. The characteristics and advantages of the fabrication procedure and the thermopile structure itself can be found in the following list. In brief, we make use of the following:
(1) A low-cost and large-area PCB compatible process. (2) A flexible-PCB with a 125 µm thick dielectric layer. (3) A vertical and three-dimensional thermopile architecture, i.e. the thermoelectric legs are arranged vertically and the interconnections extend laterally in the foil plane. Thus, the heat flow is perpendicular to the surface plane of the foil. (4) Thermoelectric legs with small dimensions and small metal cross section reducing the heat exchange between the cold and hot junctions (i.e. the front and back sides of the foil).
Since the cold junction of the thermopile is placed on the backside of the foil, i.e. facing the hot junction, the entire substrate area can be utilized for thermopiles. Hence, the thermocouple packing density is independent of the thermopile area. This challenges the laterally arranged structures frequently used in commercial thermopile IR detectors, where the packing density actually decreases when the thermopile area is increased (the responsivity scales as the square root of the area). Hence, a vertical configuration means that the number of thermocouples that can be linked together, and hence the thermopile voltage, is proportional to the thermopile area. Again, since the impact of convective heat transport by gas across the surface is expected to be small in the vertical case, the need for sealed assemblies may possibly be reduced. The thermopile demonstrated in this work makes use of multiple wire vias (MW-vias) corresponding to the thermoelectric legs of the thermocouples. These are built from sparse bundles of electrodeposited sub-micron strands of antimony and nickel. Each of the legs contains a few hundred strands. Henceforth, the term MW-via is used when referring to the microscopic structure or properties of these. When discussing the thermoelectric properties the term (thermopile) leg is used instead.
The volume-percent metal of these MW-vias is roughly 1%. This relatively low metal content means that the high heat conductivity of the individual thermoelectric strands will nevertheless have a small effect on the overall heat conduction of the structure. In fact, the 'effective' heat conductivity of a complete thermopile leg will be comparable to the heat conductivity of the plastic material. On these grounds, it is possible to fabricate vertical thermopiles based on a lowcost material (such as a plastic foil) in combination with conventional low-resolution lithographic methods.
Fabrication

Background and summary
The fabrication scheme of our previously demonstrated thermopile structure [18] has now been manoeuvred towards further compatibility with standard PCB production techniques. Much effort has been put on simplifying, scaling up and making the process more PCB like. The size of the pretreated polyimide foils (12 × 16 ) is compatible with flexible PCB panel standards.
The thermopile design has been improved where instead of arranging the thermoelectric legs in a cubic grid as in [18] , a two-dimensional hexagonal close-packed pattern has been used. Henceforth, we refer to this leg arrangement as the grid. Moreover, the thickness of the plastic dielectric layer has been increased from 75 µm to 125 µm. This results Figure 1 . Illustration pointing out the difference between the previously presented thermopile process (old) and the process described in this paper (new). in an improved thermal insulation between the two thermal junctions, i.e. the front and back sides of the foil. At the same time the active length of the thermoelectric legs was roughly increased twofold, from on average 55 µm to 115 µm. Thus, a higher voltage response from the thermopile is expected. In [18] , two separate but entangled metal seed-layer patterns were applied next to each other on the sample: one pattern for each of the two respective leg grids. Only one plating mask was used. To determine which of the thermopile legs should be grown during electrodeposition, voltage was applied to one of the seed-layer electrodes at a time, see the 'old' process of figure 1.
In this work, a full metal seed layer has been used instead of the seed-layer pattern mentioned above. Two separate plating masks, defining the locations of the respective thermopile legs, are applied sequentially as illustrated in figure 1 . This procedure simplifies the fabrication process. The risk of short circuits between the electrodes in the former process is annulled. In addition, it reduces undesirable variations in potential at different points in the seed-layer pattern due to high-resistance electrode lines.
The circular thermopile area with a diameter of 2.5 mm is placed inside a 5 × 5 mm 2 cell, leaving space for terminal pads and cutting rims as shown in figure 2 . Two different grid densities were used, recognized as the dense grid and the sparse grid. The features of the respective grids are listed in table 1. Two samples (45 × 45 mm 2 in size), each containing 15 densely and 10 sparsely packed thermopiles, were produced.
The new fabrication process is elaborated in the following two sections: (a) pretreatment of the dielectric material and (b) the PCB-like process. There is a natural distinction in the type of equipment and processing that is required in these two sections. The first part (a) describes the processing of ion tracks in the polymer layer and is only briefly reviewed, it has been discussed elsewhere, e.g. in [19] [20] [21] [22] [23] .
Pretreatment of the dielectric material
In brief, the purpose of the pretreatment is to create randomly spread, sub-micron pores perforating the polyimide dielectric with a specific surface density. Such porous materials already exist on the market, although presently not in this material and thickness. The commerically available foils are used for ultrafiltration and clean water production, e.g. RoTrac R PET filters from Oxyphen AG. It is our belief that if there were a market call, it would be fairly straightforward for such a manufacturer to move the product line in the direction of polyimide flexible-PCB foils. Commercially, these porous foils are referred to as ion track membranes or nuclear track filters and are described, e.g., in [19, 24] . The typical pore diameters utilized in such filters are in the hundred nanometre to micron range.
To achieve the porous dielectric material required, ion track techniques were employed. First, the polyimide foils were irradiated with swift heavy ions that produced latent ion tracks (continuous paths of modified material) all through the plastic thickness. In this paper, 125 µm thick Kapton HN (DuPont) foils were irradiated according to our direct specifications at the GANIL Accelerator Facility in Caen, France. Using a reel-to-reel approach roughly 200 m 2 of a foil material, 500 mm wide, was processed in a few hours.
The cost for such a material pretreatment (for large volumes) is in the range of 5-10 € m −2 . After irradiation the irradiated polyimide was cut down into 410 × 305 mm 2 panels. The panels were etched in a solution of sodium hypochlorite and boric acid at 60
• C. The etch solution opens the ion tracks and produces sub-micron pores through the entire material thickness. The duration of the ion track development (pore etching) was adjusted to reach the required volume porosity of 0.5-1.5%. The irradiation and etching procedure is described in more detail in [21] [22] [23] .
PCB-like fabrication process
The full process, as described below, is illustrated in figure 3 . Due to our limited choice of in-house sputtering and plating equipment, the panels were cut down into smaller pieces. Thus, steps 1-4 (in figure 3) were performed on 90 × 90 mm 2 samples. For the remaining steps quarter sections of these were processed.
Metal seed-layer deposition (step 1).
A layer of copper, 0.30 (±0.10) µm thick, was sputtered (Emitech K675X) onto one of the identical polyimide surfaces. A thin layer of titanium was used as an adhesion promoter. The Kapton HN foil has an 'optically flat' surface and will allow modest mechanical interlocking of the metal layer. However, we found that the pore openings in the surface of the foil actually contribute to the adhesion. The sputtered copper penetrates roughly 1.5 µm into the pores of the foil (basically independent of the metal layer thickness) and produces a fair support for the growth of the thermoelectric strands, as illustrated in figure 4 . Note that the metal layer will not seal the pores completely as the thickness is only 30-40% of the pore opening diameter. As shown in figure 4 , the metal structures are hollow even for a metal layer thickness of 1.0 µm. 2, 4, 5, 7, 8, 10 and 12) . The patterning steps in the process rely on the use of a high-resolution, dry photoresist film, Riston FX930, from DuPont. However, in the last interconnection step, step 12, a liquid Shipley 1813 photoresist was used in an effort to improve the definition of the interconnection lines. The Riston photoresist fulfils all the requirements to make it compatible with our porous dielectric foil. It adheres well to the surface and protects the areas and pores covered by it. A detailed description of the dry photoresist procedure for fabricating MW-vias can be found in [25] .
Patterning-art work (steps
Lamination (steps 2 and 8) was carried out in a hot-roll laminator (GX12 12 Mega Electronics). The UV exposure was performed in a high-resolution mask aligner (Karl Süss MA6). The resist was spray-developed in a sodium carbonate solution.
In the first lithographic step (step 2), openings for the additive through mask plating of the seed-layer-side interconnection pattern were produced. The circular apertures defining the plating locations of the thermoelectric legs were completed in steps 5 and 8. In the latter case, the resist and the openings were also treated in a low-density oxygen based plasma. This procedure improves the wetting of the electrolyte Figure 5 . SEM image of the deposited 'plugs' of nickel meant to seal the pores at the seed-layer surface. They extend typically 7 µm into the pores and were produced during additive plating of nickel defining the interconnection pattern.
described in [25] . The Riston resist (steps 4, 7 and 10) was stripped in a 2% KOH solution.
2.3.3.
Additive plating (step 3). The seed-layer-side interconnection pattern was established by additive plating of nickel on the copper seed layer using a single-sided dry photoresist mask. Plating was carried out in a modified nickel Watt's bath for a duration of roughly 10 min. The nickel pattern that was produced, 1-1.5 µm thick, served as an etch mask during the lithographic structuring of the full copper seed layer, described later. As the opposite side of the foil was uncovered and the electrolyte had free access to all of the pores, some deposition also took place inside the pores. Short 'plugs' of nickel started to grow from the metal seed layer across the whole of the sample. As can been observed in figure 5 , these nickel plugs, typically 6-8 µm in length, effectively sealed the pores. In addition, they provide the starting points for the electrochemical growth of the thermoelectric strands. 6 and 9) . The thermocouple legs were built from antimony and nickel. The metals were electrodeposited in the corresponding grid in two successive steps. First, the antimony legs were deposited using a constant current density in the range of 40-80 µA cm −2 (step 6). The current density here refers to the uncovered area of polyimide (the total area opened in the dry photoresist mask). Hence, the actual current density in the pores is approximately 100 times higher. The electrolyte was composed of 40 mM antimony trichloride, 100 mM citric acid and 50 mM potassium citrate. Deposition took place at an elevated temperature, 43-44
Electrodeposition of the thermoelectric materials (steps
• C, but otherwise in analogy with the deposition procedure in [18] . When the wires started to reach the surface of the foil, the plating was aborted and conventional nickel plating, described below, was used to seal the wires and protect them from corrosion. At the surface, the nickel strands grew hemispherical 'caps' since they were no longer confined to the volume of the pores. With prolonged deposition, these cap structures grew together as illustrated in figure 6 . Statistically, each leg should be built from hundreds of strands (one metal strand in every pore).
The nickel material used for nickel-type legs as well as for the sealing of the antimony-type legs was deposited at a constant voltage (between −0.90 and −0.95 V) with respect to an Ag/AgCl reference electrode. Deposition took place at 45
• C. In other aspects, the deposition process is similar to the procedure in [18] . The fabrication of such a MW-vias made from nickel has also been described in [26] [27] [28] .
Interconnections (steps 10-13).
To finalize the thermopile circuit, surface interconnections between all the thermopile legs must be established.
The nickel interconnection pattern (produced in step 3) works as a mask during the subtractive copper etching (step 10). To achieve the metal interconnections on the plating mask side of the flex, a gold layer was evaporated (step 11). A liquid positive photoresist mask was applied and patterned (step 12). The gold was etched in a solution of potassium iodide and iodine (step 13). The dog-bone-shaped interconnection lines coupling to the thermopile legs shown in figure 7 are roughly 70-100 µm wide. In figure 8 , the polyimide matrix was removed by plasma etching exposing the thermocouple legs.
Screen print of an absorption layer (step 14
). An absorption layer was applied to the surface of the foil to allow for IR-characterization of the thermopile. The threedimensional and vertical thermopile design allows for the absorber layer to be screen-printed onto the full surface of the foil (on either side). A two-component epoxy that is optically opaque between IR and visible wavelengths was used. The applied epoxy layer had a thickness of 10-20 µm. 
Simulations and measurements
Thermal FEM simulations
Steady-state FEM/FDM simulations were carried out (COMSOL FEM-lab) to evaluate how the chosen thermoelectric materials affect the temperature distribution in and around the thermopile legs. The problem was condensed into a two-dimensional model with a radial geometry. In the model, the MW-via was defined as a cylinder with a 60 µm diameter placed inside a 160 µm wide plastic cylinder. The thickness of the foil was 125 µm. The metal fraction (nickel or antimony) of the MW-via was defined to be 1%. It was assumed that a fixed power, corresponding to 1 mW mm −2 , was generated in the 15 µm thick absorber layer. The absorber layer at the IR incident side is therefore the hot junction, whereas the opposite surface of the foil is the cold junction.
Two models were created which were identical expect for the boundary conditions that were applied to the cold junction. In the first model, the cold junction radiates heat to the surrounding. In the second model, the cold junction is attached to a heat sink. Thus, in the second model the boundary was set to ambient temperature. For both models, it was assumed that the hot junction was emitting heat by radiation to the surrounding.
In the models the MW-via was considered as a homogeneous, although anisotropic, composite material having different thermal conductivities in the x-and ycoordinates. The thermal conductivity along the plane of the foil, k x , equals that of the plastic material (0.12 W mK −1 ). The out-of-plane conductivity (i.e. through the foil), k y , becomes a function of the metal fraction; in this case, 0.3 W mK
for Sb-type and 1.0 W mK −1 for Ni-type legs. In the model, the heat capacity of the polyimide plastic was set to 1090 J kg −1 K −1 . The heat capacity of both types of legs is essentially determined by the plastic properties and not affected by the small fraction of metal strands. The thermal conductivity and heat capacity of the absorber layer were estimated to be 0.2 W mK −1 and 1000 J kg
, respectively.
Electrical resistance and noise measurements
The electrical resistance of the complete thermopile modules was measured using simple two-point probes and a desktop multimeter (Keithly 2000). The measurement burden currents varied between 0.007 and 0.1 mA depending on the default measurement range. The readout resistance value was found to be independent of the current, in the current range from 1 to 100 µA. Resistance measurements were carried out on all of the thermopile modules. The noise characteristics were evaluated by measurements on one of the thermopiles (R = 4.33 k ) by measuring the noise power density at room temperature. The noise spectral density power of the amplifier was measured and was subtracted from the measured noise power of the thermopile.
The minimum current-carrying capacity of the MW-vias was estimated by applying a range of currents, from 1 µA up to a few mA while measuring the voltage over the modules. The test was aborted when the applied current caused an increase in the resistance of more than 20%. The resistance went back to normal after current was removed; hence, fully destructive testing was not employed. The temperature that was developed from the applied current was estimated using an IR camera (FLIR, Sweden).
Response to thermal radiation
A pulsed visible-to-IR light source with a pulse length of 0.5 s was used to characterize the thermopile sensor response to infrared heating, i.e. when operating as a thermal radiation detector.
The set-up consisted of an aluminium light column of square cross section and an aluminium mirror producing a square spot of 8 × 8 mm . No wavelength discriminating filters were used. The light intensity in the spot was determined using a Heimann HMS J21 thermopile IR sensor with a known voltage responsivity to irradiance . Strictly, this value corresponds to the heat absorbed by the Heimann sensor. It was assumed that the light absorption of the Heimann is identical to that of our thermopile. The thermopile signal was amplified using a low noise amplifier circuit and recorded on a digital oscilloscope. The amplification was adjusted between 500 and 15 000 in order to produce a detectable oscilloscope signal.
Results and discussion
Heat simulations
The maximum available temperature difference over the thermopile, defined as T max , corresponds to the temperature difference produced by the light without considering the heat conduction of the thermocouple legs (i.e. all plastic). In the case of no heat sink, i.e. where radiative heat transfer criteria are applied to both surfaces, the overall temperature increases around 9
• C. In this case, roughly half of the absorbed energy is emitted from the hot junction (absorber layer) and half from the cold junction. Hence, only half of the heat passes through the thermopile legs to generate a useful temperature gradient;
T max then becomes 0.47 • C. In figure 9 , these conditions are illustrated for a nickel leg.
When the cold junction of the thermopile is attached to a heat sink, the overall temperature decreases, thus reducing the heat transfer by radiation at the hot junction. What is more, T over the thermopile increases with a factor of 2: T max is 0.93
• C here. The reason for this is that the heat sink creates an asymmetric heat transfer. By cooling the backside, more of the absorbed heat travels through the legs of the thermopile, producing a larger T. A nickel microvia with a heat sink is illustrated in figure 10 .
Finite-element simulations with a heat sink reveal that when microvias are introduced roughly 80% of T max is preserved over the antimony-type legs and 50% of T max over the nickel-type legs. Although a smaller temperature drop would be more favourable in the nickel case, we can conclude that for the given properties of the polyimide foil, the MW-vias are effective at preserving the temperature gradient.
Thermopile characteristics and response
Two test samples were characterized, each containing 15 thermopiles built from the dense thermocouple leg grid and 10 from the sparse grid. In total, more 9000 legs were integrated on these samples without any complete failure (i.e. circuit break). This is a measure of the robustness and reliability of this process and of its sub-micron building blocks.
We found that the two samples had different electrical resistance characteristics. Sample A had a high typical resistance per thermocouple of 170 (roughly the same for the dense and sparse grids) and a very large spread. Sample B, the low resistance sample, had a typical resistance of 34 / thermocouple and 65 /thermocouple for the sparse-and dense-type grids, respectively. The electric resistance of all the thermopile modules in sample B is presented in figure 11 (a). figure 9 ; the black curves show T when a heat sink is attached to the bottom interface.
Various degrees of short circuits were found between the neighbouring interconnection lines, in particular among the dense-type modules. This should result in a lower electrical resistance than intended. On the other hand, many interconnections had been over-etched, possibly causing corrosion in the contact point between MW-vias and interconnections, as well as higher resistance. We associate the first problem with inhomogeneous plating of the nickel interconnections, and the second with inconsistent etching. While operating at the very limit of attainable resolution offered by the dry photoresist technology, it is likely that the fine line features of the dense-type interconnection pattern will exhibit more failures. This could explain the relatively large spread in resistances for the dense-type grid seen in figure 11(a) . Most sparse-type thermopiles are of good quality (no short circuits) as shown in figure 12 .
We believe that the most characteristic thermocouple resistance is the 34 of the sparse-type thermopiles of sample B. Still, this is roughly 15-20 times higher than expected from calculated values based on the bulk resistivity values for nickel and antimony. The first explanation is that there is a shortage of electrically coupled strands because of non-ideal electrodeposition uniformity. This fact can be observed in figure 6 . The second explanation is related to the correctness of using table values for bulk resistivity. It is known that electrodeposited metal strands in the hundreds of nanometre range have a resistivity that is several times higher than their bulk resistivity [29] .
The thermopiles (2.5 mm in diameter with an area of 4.9 mm 2 ) were also evaluated as thermal radiation detectors. The noise was characterized and found to be essentially white noise (flat as a function of frequency). This noise can be correlated to the ohmic resistance, i.e. Johnson noise.
The voltage response of the thermopile to pulsed light source was, without any applied absorption layer, typically 0.25 mV. After coating the thermopile with a layer of black epoxy the signal increased roughly with a factor of 4, yielding a median response of 1 mV. The response of all thermopiles on sample B is shown in figure 11(b) . The highest voltage response measured was 1.9 mV for a dense-type thermopile on sample A.
From the simulations shown in figures 9 and 10, we expected that using a heat sink at the cold junction of the thermopile would increase the temperature difference, and hence the voltage response. This was confirmed; the response increased by a factor of 1.9 on average when spreading a drop of heat conductive paste (Electrolube HTCP, 2.5 W mK . When operating the thermopile as an IR sensor, it is interesting to appreciate and discuss the detection limits, such as noise equivalent power (NEP) and specific detectivity. As mentioned above, we found that the noise is essentially related to the electrical resistance. Assume then for simplicity that our thermopile (4.9 mm 2 ) has an electrical resistivity of 10 k . The Johnson-Nyquist noise is then given from the relationv n = √ 4k B T R, which in our case means 12.9 nV Hz −1/2 . The noise equivalent power of the IR sensor is then NEP = noise/responsivity, which in our case is nW Hz −1/2 . The specific detectivity is calculated from D * = responsivity/noise × √ detectorarea. In our case, this corresponds to D * = 1.5 × 10 7 cm Hz 1/2 W −1 . The authors believe that the responsivity and detectivity could be increased by a factor of 2-3 by choosing better thermoelectric materials (for example a constantan alloy instead of nickel) and by reducing the electrical resistance.
The minimum current-carrying capacity of the thermopile modules gives an indication of the reliability of our structures. The capacity was found to be at least in the range of 1-3 mA and the thermopiles could withstand more than 100 mW of the applied power for at least 1 min without affecting their properties. IR-camera observations, see figure 13 , indicate that the heat applied by such currents resulted in a local (within the active area of the thermopile) temperature increase of up to 100
• C.
Conclusions
A fabrication process for vertically configured thermopiles in a flexible PCB is demonstrated. The thermocouple legs of antimony and nickel are built from bundles of sub-micron metal strands. The process relies on ion track techniques to produce a porous polyimide dielectric. We show that this process is compatible with fabrication methods of printed circuit boards, in particular the dry photoresist masking technique. Thermopiles modules with up to 224 thermocouples were assembled. An indication of the reliability of the process is the successful assembly of 50 thermopiles holding more than 9000 thermocouple legs without one single failure. The circuits could withstand currents of at least a few mA and an applied effect of at least 100 mW.
The IR response of the thermopiles when coated with a black absorber layer of epoxy was evaluated using pulsed white light. The responsivity to irradiance was found to be 4.3 V mm 2 W −1 and the detectivity was estimated to be D * = 1.5 × 10 7 cm Hz 1/2 W −1 . The thermopile modules had an electrical resistance corresponding to 34 /thermocouple. Although further optimization is desired, the measurement results indicate that the thermopile performance can be sufficient for large-area low-cost IR-sensor applications.
